Introduction {#S1}
============

Pancreatic cancer is the fifth most deadly cancer in the United States, according to the Centers for Disease Control and Prevention (CDC).^[@R1]^ As reported in 2013 SEER report, the age-adjusted death rate for pancreatic cancer was 10.7% and the 5-year survival rate was 4%.^[@R2]^ Advancement in pancreatic cancer research with an objective to understand the potential mechanism is needed to improve patients' life for this challenging malignancy. Pancreatic Ductal Adenocarcinoma (PDAC) is the most common and lethal cancer of pancreas among all subtypes.^[@R3]^ Chronic inflammation and oxidative stress have been suggested as a driving force in most cancers including PDAC, whereas the antioxidants such as Manganese Superoxide Dismutase (MnSOD) has been well reported as a protective player in PDAC carcinogenesis.^[@R4]--[@R6]^

MnSOD is an essential mitochondrial antioxidant enzyme required for the reactive oxygen species (ROS) mediated response in the mammalian cell.^[@R5]^ Antioxidant MnSOD is important for the protective role in oxidative stress by converting the superoxide radical to hydrogen peroxide in mitochondria.^[@R5]^ Increased ROS level is suggested as a mitogenic factor, and is capable of inducing cell proliferation.^[@R7]^ Decrease in MnSOD expression has been reported in human pancreatic cancer, and adenovirus mediated overexpression of MnSOD triggered decreased growth rates in rapidly growing PDAC cells.^[@R4]^ Ough et al.^[@R6]^ further confirmed that MnSOD overexpression could inhibit cell growth in human pancreatic carcinoma as a tumor suppressor in pancreatic cancer.^[@R5]^ Some studies have also reported the role of microRNAs in the dysregulation of MnSOD, which is found to be associated with tumor metastasis.^[@R8]--[@R10]^

MicroRNAs (miRNAs) are functional noncoding RNAs with 22--26 nucleotides in length, which negatively regulate target gene expression.^[@R11]^ MiRNAs are crucial regulators of gene expression in numerous biological contexts,^[@R11],[@R12]^ and changes in miRNA levels have been reported during altered gene expressions, which lead to the development of cancers including pancreatic cancer.^[@R12]--[@R17]^ Aberrant microRNA-301a (miR-301a) expression has been reported in many types of cancers.^[@R18]--[@R22]^ In pancreatic cancer, specifically, increase in miR-301a expression has been found in expression profiling.^[@R23]^ Also, miR-301a directly targets Bim (Bcl-2 family pro-apoptotic protein) and downregulates its expression.^[@R24]^ In the previous study, we found that miR-301a activates nuclear factor-κB (NF-κB) by targeting NF-κB-repressing factor (Nkrf) in pancreatic cancer.^[@R25]^

Altogether, in human PDAC, MnSOD was considered as a tumor suppressor, whereas miR-301a could be considered as an oncogene.^[@R6],[@R18],[@R22],[@R25]^ However, each of these two events was found to be independently associated with human PDAC, and a possible correlation between MnSOD and miR-301a has not been studied. In this study, we therefore investigated the correlation between MnSOD expression and miR-301a levels in human PDAC. We established an animal model by inoculated PanC-1 cells with stable silencing of miR-301a expression within the PDAC tumor. MnSOD expression and miR-301a levels were studied in the PDAC tumor tissues. We have also analyzed PDAC human tissue specimens for MnSOD expression and miR-301a levels. Our finding suggests a negative correlation between MnSOD expression and miR-301a levels in human PDAC.

Materials and methods {#S2}
=====================

Cell culture {#S3}
------------

Human pancreatic cancer cell-line PanC-1 (CRL-1469) was obtained directly from American Type Cell Culture (ATCC, Manassas, VA, USA). ATCC authenticates human cell-lines in their collection using short tandem repeat analysis (STR profiling). All the experiments were performed within six months after receiving new PanC-1 cells from ATCC. All PanC-1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum, containing 1x antibiotic--antimycotic (Invitrogen), at 37 °C in a humidified atmosphere of 5% CO~2~.

Animals and materials {#S4}
---------------------

Nude BALB/C mice were purchased from Jackson laboratories (Bar Harbor, ME, USA). DAKO EnVision+ system kits (K4007, K4011) were purchased from Agilent technologies (Carpinteria, CA, USA). All animal studies were conducted in accordance with National Institutes of Health animal use guidelines, and a protocol approved by the University of Louisville's Institutional Animal Care and Use Committee (IACUC).

Rabbit polyclonal anti-MnSOD (06-984) was purchased from Upstate antibodies (Millipore, Temecula, CA, USA). Mouse monoclonal anti-NF-κB (sc-71677) was purchased from Santa Cruz biotechnology (Dallas, TX, USA). Rabbit polyclonal anti-Nkrf (HPA001476) was purchased from Sigma Aldrich (St. Louis, MO, USA).

Stable transfection knockdown and xenograft study {#S5}
-------------------------------------------------

We have used tough decoy RNA (TuD) with lentivirus delivery technology to generate stable knockdown of miR-301a in PanC-1 cells, as developed and tested in our earlier study.^[@R25]^ In summary, for stable miR-301a inhibition, PanC-1 cells were infected with lentiviruses carrying TuD:anti-miR-301a. Vector map and miR-301a antisense sequence is provided in the [Supplementary Data](#SD1){ref-type="supplementary-material"}. The vector pSIF contained green fluorescent protein (GFP) marker ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}), and GFP-positive PanC-1 cells were sorted by flow cytometry. Sorted GFP-positive PanC-1 cells were then cultured again. Exponentially growing cells (PanC-1 cells transfected with miR-301a antisense and control) were harvested, and injected subcutaneously (5.0 million cells per animal) into 6-week-old nude BALB/C mice (n = 5 per group, animals were randomly assigned to each group by a technician). Tumor bearing animals were maintained for 8 weeks and tumor size was monitored once a week for 8 weeks before killing, and Student's t-test (two-tailed) was used to analyze the tumor volumes (TVs). TV was determined using the standard formula, TV = (L ×W^2^)/2. Tumors were harvested, weighed and frozen immediately (−80 °C).

Histopathology {#S6}
--------------

At the end of experiment, the animals were euthanized and tumor tissues were isolated and weighted. A piece of tissue was taken from each lobe and fixed in 10% buffered formalin for 24 h and transferred to 80% ethanol. The formalin-fixed liver tissue was processed and embedded in paraffin. Serial 5-μm sections were mounted onto glass slides. These slides were used for different staining purposes. Hematoxylin- and eosin-stained slides were obtained for each animal. All pathology findings for the specimens were scored by two pathologists who were both blinded to the subjects. The gradation was scored from 0 to 3 according to the intensity of staining (0, negative; 1, weak; 2, moderate; 3, strong). We analyzed the data using Student's t-test (two-tailed) and mean values were accompanied with s.d. Sigmaplot statistical software (San Jose, CA, USA) is used for calculation and analysis.

Human specimens {#S7}
---------------

To evaluate MnSOD and miR-301a expression in human, a total of 60 PDAC specimens, along with 20 normal pancreatic tissue (NPT) specimens, were obtained from cancer patients in the UofL clinics (IRB-approved protocol) for immunohistochemistry (IHC) and in situ hybridization (ISH) studies. All pathology findings of the specimens were scored by two pathologists who were blinded to the subjects. The gradation was scored from 0 to 3 according to the intensity of staining (0, negative; 1, weak; 2, moderate; 3, strong). We analyzed data using Student's t-test (two-tailed). Box/whisker plot is used for representing data including outliers. Sigmaplot statistical software is used for calculation and data analysis.

Immunohistochemistry assay (IHC) {#S8}
--------------------------------

Immunohistochemical staining was carried out on the paraffin-embedded material using the DAKO EnVision+ System Kits. In brief, the sections were deparaffinized and hydrated. The slides were washed with a TRIS buffer, and peroxidase blocking was performed for 5 min. After rewashing, the anti-MnSOD (1:100), anti-Nkrf (1:100) or anti-NF-κB (1:100) was applied for 30 min. The slides were rinsed, and the specimens were incubated with labeled polymer for 30 min at room temperature. The substrate chromogen solution (diaminobenzidine) was added as a visualization reagent. Finally, the slides were counterstained with methyl green. A negative control was included in each run. The digital images of anti-MnSOD, anti-Nkrf or anti-NF-κB staining was acquired with the microscope at × 20 magnification using the spot camera via the MetaMorph imaging system (Universal Imaging Corporation, Downingtown, PA, USA) and stored as JPEG data files (the resolutions were fixed as 200 pixels per inch).

*In situ* hybridization (ISH) {#S9}
-----------------------------

ISH was performed using antisense oligonucleotide probes for miR-301a (Exiqon, Woburn, MA, USA), with scrambled-miR (5′-GTGTAACACGTCTATACGCCCA-3′) serving as a negative control. After the sections were deparaffinized, hydrated and deproteinated, prehybridization was performed in hybridization buffer for 2 h in a humidified chamber at 55 °C. Hybridization was then performed by applying 20 nM of probe in hybridization buffer to the slides covered with nescofilm overnight at 55 °C in a humidified chamber. Hybridized probes were detected by incubation with anti-digoxigenin--alkaline phosphatase conjugate at 37 °C for 30 min, followed by substrate 3,3′-diaminobenzidine to develop a brown color. Finally, the cells were counterstained with methyl green for 3--5 min and mounted on slides.

Results {#S10}
=======

Previously, we have shown specifically increased miR-301a level in PDAC, and possible NF-κB mediated tumor growth mechanism.^[@R25]^ Like other miRNAs, miR-301a may have multiple mechanisms contributing to the tumor growth in PDAC. Here, we studied the correlation between MnSOD and miR-301a in PDAC.

SOD2 (*MnSOD* gene) is predicted target of miR-301a {#S11}
---------------------------------------------------

By using bioinformatics prediction search ([www.targetscan.org](www.targetscan.org)), we have found that miR-301a targets 3′-UTR of longest transcript variant of SOD2 mRNA \[GenBank: NM_000636.2\]. Although there is no published study confirming this relationship with biochemical assays, these *in-silico* analysis results serve as a possible mechanism to support our hypothesis that MnSOD expression is associated with miR-301a level in PDAC ([Figure 1](#F1){ref-type="fig"}).

miR-301a knockdown is associated with decreased tumor growth rate in Xenograft PDAC mouse model {#S12}
-----------------------------------------------------------------------------------------------

We used PanC-1 cells transfected with anti-miR-301a (anti-miRNA) or scrambled miRNA (negative control) to generate stable knockdown using tough decoy RNA (TuD) lentivirus vector system, as established in the earlier study ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}).^[@R25]^ This vector also contains GFP marker to identify successful transfection, and facilitate cell sorting. Following transfection confirmation and GFP positive cell sorting, transfected PanC-1 cells were inoculated subcutaneously in BALB/C nude mice for the formation of PDAC in the right hindlimb. Tumor growth was monitored and tumor size was recorded by calculation of the TV in tumor bearing animals for 8 weeks. We found that the mouse transfected with TuD:anti-miR-301a developed smaller tumors, and TV was significantly lower compared with the TuD-negative control (P\<0.05, n = 5) ([Figure 2A and B](#F2){ref-type="fig"}). Hematoxylin and eosin staining (H&E) performed in the tumor tissue xenografts showed that anti-miR-301a-containing tumor (+) had less dilated pancreatic ducts and less intraductal mucin, indicating reduced malignancy, thus confirming the difference in the histological changes between anti-miR-301a-containing tumor (+) and scramble miRNA containing tumor (−) ([Figure 2C](#F2){ref-type="fig"}).

Decreased MnSOD expression is associated with miR-301a knockdown in Xenograft PDAC mouse model {#S13}
----------------------------------------------------------------------------------------------

As discussed, SOD2 (*MnSOD* gene) is a predicted target of miR-301a ([Figure 1](#F1){ref-type="fig"}). Studies have shown decreased MnSOD expression in PDAC. MiR-301a was found to be upregulated in PDAC.^[@R23]^ We hypothesized that miR-301a knockdown could affect MnSOD expression in PDAC. To test this hypothesis, MnSOD protein levels were determined in the tumor tissues of miR-301a knockdown (antisense) as well as the scrambled miRNA control by IHC staining. We found a significant increase in MnSOD expression in the miR-301a-knockdown group compared with the scrambled control (P\<0.05, n=5) ([Figure 3A and B](#F3){ref-type="fig"}). Because miR-301a downregulates Nkrf and elevates NF-κB activation,^[@R25]^ we further studied the NF-κB and Nkrf expressions. Our results indicated that in the miR-301a-knockdown group, Nkrf expression was significantly upregulated and NF-κB expression was significantly downregulated, compared with the scrambled controls ([Figure 3A and B](#F3){ref-type="fig"}).

Increased miR-301a expression is associated with decreased MnSOD expression in human PDAC specimens {#S14}
---------------------------------------------------------------------------------------------------

Our xenograft PDAC mouse model data suggested that miR-301a silencing could be able to contribute to the increased MnSOD level and decreased PDAC tumor growth rate. Confident with the *in-vivo* data in animal model, we further studied the correlation in human samples. A total of 60 PDAC specimens, along with 20 normal pancreatic tissues (NPT) specimens were analyzed for MnSOD, NF-κB, and Nkrf levels by IHC, and miR-301a levels by ISH. We chose specifically Nkrf and NF-κB because we have already shown in our previous study that Nkrf is a direct target of miR-301a, and miR-301a up-regulation increases NF-κB levels by decreasing Nkrf, a validated repressor of NF-κB, in PDAC.

We found a significant decrease of MnSOD expression in PDAC specimens (0.88±0.38 (mean±S.D.)) compared with NPT controls (2.45±0.76; *P= 1e−8*) ([Figure 4B and C](#F4){ref-type="fig"}). As expected, miR-301a expression was significantly increased in PDAC specimens (0.89±0.28) compared with NPT controls (0.25±0.41; *P=8.9e−7*) ([Figure 4B and C](#F4){ref-type="fig"}). An increase in miR-301a expression in the PDAC group showed consensus with its downstream targets, Nkrf and NF-κB. Decreased expression of Nkrf (1.81±0.59) but increased NF-κB expression (2.55±0.86) was found in human PDAC specimens ([Figure 4C](#F4){ref-type="fig"}) compared with NPT control (Nkrf: 2.85±0.37; *P=1.24e−12*) (NF-κB: 1.55±0.76; *P=1.86e−05*). These human specimens data were consistent with the data from the xenograft mouse model.

Discussion {#S15}
==========

In this study, we found that MnSOD expression is negatively associated with miR-301a expression, an important regulator miRNA in pancreatic cancer. Bioinformatics search suggests that miR-301a may directly target 3′ UTR of longest SOD2 transcript variant (MnSOD coding gene). Our data suggest that silencing miR-301a can significantly increase MnSOD expression, while decrease PDAC tumor growth rate in a PDAC mouse model. Our finding was further confirmed by analyzing known downstream targets of miR-301a i.e. Nkrf and NF-κB expressions in the tumor tissues. The human specimen analysis corroborated our finding in a PDAC mouse model that miR-301a levels and MnSOD expression are negatively associated.

PDAC is a severe malignancy, however the detailed mechanism is largely unknown, especially at the molecular level. Our results indicate that MnSOD down-regulation and miR-301a up-regulation are associated with greater PDAC tumor growth. In the current study, we have shown for the first time that possible direct relationship between MnSOD and miR-301a in context of regulation of PDAC growth. MicroRNA mediated regulation of MnSOD expression has been identified in a few studies and is not a new mechanism or concept.^[@R8]--[@R10]^ Also, recent studies in other cancers support emerging role of miR-301a in carcinogenesis, i.e. tumor proliferation and invasion,^[@R26]^ inflammation,^[@R27]^ and metastasis. ^[@R19]^ In Hepatocellular Carcinoma (HCC) miR-301a has been suggested as oncogene.^[@R22]^ Yet, no study has yet confirmed the role of miR-301a in tumor initiation.

In the previous study, we have shown that miR-301a targets Nkrf and activates NF-κB activity in pancreatic cancer.^[@R25]^ Investigators reported a direct relationship between NF-κB and MnSOD in normal and cancer tissues, and shown either can activate the second in different physiological conditions.^[@R5]^ Oncogenic or tumor suppressor function of MnSOD is still an active debate in the scientific community because of the fact that MnSOD can interact with multiple transcription factors including NF-κB.^[@R5]^ Our study, which suggests that miR-301a can affect MnSOD level, added one more brick in the available knowledgebase regarding MnSOD mediated regulations. Very importantly, there could be two possibilities -- either, (1) miR-301a directly down-regulate MnSOD activity by acting on 3′-UTR of longest SOD2 transcript, or (2) miR-301a could be associated with MnSOD through NF-κB mediated route. Undoubtedly, further investigation in this direction is required.

To summarize, we have shown that in human PDAC, low MnSOD levels and high miR-301a expression are associated with the PDAC tumor state. Our animal model confirmed that silencing miR-301a could restore/increase MnSOD level in pancreatic tissue which may be a reason for the decrease in tumor growth. MnSOD is an important enzyme for oxidative stress management within cancer cells, and lower levels of MnSOD have been shown in PDAC.^[@R5],\ [@R6]^ In conclusion, our study suggests that the protective function of tumor-suppressor MnSOD in PDAC may be under the regulation of miR-301a and demands further investigation to understand this relationship at the molecular level.

Supplementary Material {#S16}
======================
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Supplementary figure S1 (Vector construction map, and miR-301a antisense sequence)
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![Bioinformatics --- *in silico* analysis\
A snapshot of search result, suggesting that miR-301a is a 7-mer-8 match at the 3′-untranslated region (3′-UTR) of SOD2 (manganese superoxide dismutase (*MnSOD*) gene), and may be involved in SOD2 regulation by direct targeting.](nihms719385f1){#F1}

![PDAC mouse model: evaluation of tumor volume and pathology in a xenograft\
**(A)** Comparison of tumor volume in control and miR-301a-knockdown groups. Tumor volume in mir-301a-knockdown group was significantly lower compared with tumor volume in the control animal group (\*P\<0.05, n=5 animals in each group, error bar=S.D.). **(B)** The representative xenografted tumor in the control group (−) and miR-301a-knockdown group (+). **(C)** Representative histology of the xenografted tumor in the control (−) group and miR-301a-knockdown group (+). Anti-miR-301a-containing tumor (+) had less dilated pancreatic ducts and less intraductal mucin, indicating that the malignancy of these tumors was reduced (black arrows).](nihms719385f2){#F2}

![Pancreatic ductal adenocarcinoma (PDAC) mouse model: manganese superoxide dismutase (MnSOD) expression is increased by miR-301a knockdown (Anti-miRNA) in a xenograft mouse model\
**(A)** representative slides of immunohistochemistry (IHC) staining of MnSOD, nuclear factor-κB (NF-κB) and NF-κB-repressing factor (Nkrf) in tumor sections from PanC-1 mouse xenografts with scrambled control or TuD:anti-miR-301a (Anti-miRNA). Magnification, × 20. **(B)** Expression levels of MnSOD, NF-κB and Nkrf in scrambled control (control) and anti-miR-301a (Anti-miRNA) groups. Scoring scale was 0--3 according to the intensity of staining (0, negative; 1, weak; 2, moderate; 3, strong). MnSOD expression was found significantly higher in the miR-301a-knockdown group (Anti-miRNA) (\*P\<0.05). Changes in NF-κB (indirect target of miR-301a) and Nkrf (direct target of miR-301a) expressions in corresponding groups confirm effective knockdown of miR-301a. Error bar indicate S.D., n=5 animals per group (**L**, low level; **H**, high level).](nihms719385f3){#F3}

![In human pancreatic ductal adenocarcinoma (PDAC), low manganese superoxide dismutase (MnSOD) expression is associated with higher miR-301 levels\
**(A)** Hematoxylin and eosin (HE) staining representative histology. **(B)** Representative slides of immunohistochemistry (IHC) staining of MnSOD, nuclear factor-κB (NF-κB), NF-κB-repressing factor (Nkrf) and in situ hybridization (ISH) probing of miR-301a in PDAC and normal pancreatic tissue (NPT) tissues. Images were captured at × 20 magnification. A scrambled probe for miR-301a was used as a negative control that did not stain any tissue sections (image not shown). **(C)** Expression levels of MnSOD, NF-κB, Nkrf, and miR-301a were scored in PDAC (n=60) and NPT (n=20). The gradation was scored from 0 to 3 according to the intensity of staining (0, negative; 1, weak; 2, moderate; 3, strong). Whisker box plot with boxes indicate 25^th^ and 75^th^ percentile; thick lines, the mean values; whisker caps, 10^th^ and 90^th^ percentile; filled circle, outliers. P-values of two-tailed Student's t-test are provided. We found significant decreases in MnSOD expression in PDAC specimens (0.88±0.38 (mean±s.d.)) compared with NPT control specimens (2.45±0.76; *P=1e−8*). MiR-301a expression was significantly increased in PDAC specimens (0.89±0.28) compared with NPT control specimens (0.25±0.41; P=8.9e−7). In PDAC specimens, Nkrf (direct target of miR-301a) was found to be decreased, and NF-κB expression was subsequently increased compared with NPT specimens.](nihms719385f4){#F4}
